Fig. 1 Radial temperature distribution at the point of maximum temperature in the core shroud (conservative case).
Using a conservative gamma heat source distribution, leads to local temperatures slightly higher than the design temperature, with a maximum thickness-mean temperature that exceeds the temperature limit by approximately 4 °C. If a higher temperature limit is accepted, the ASME regulations are not fulfilled, but the consequence is a minor change in the design stress intensity value S m according to ASME. The reduction in S m is approximately 2 % if the limit temperature is increased from 300 °C to 325 °C.
Fig. 2 Radial temperature distribution at the point of maximum temperature in the core shroud (realistic case).
If a realistic gamma heat source distribution is used, the maximum temperature is 286.9 °C (560.05 K) and the thickness-mean temperature is 283.5 °C (556.65 K). This temperature is well below the design temperature of 300 °C.
ABSTRACT
A power uprate of Forsmark's Unit 3 from 109 % to 125 % will be implemented during the 2010 refuelling outage. This uprate implies an increase in gamma heating of the core shroud which could lead to temperatures higher than the design thickness-mean temperature, 300 °C, according to ASME regulations.
To estimate the temperature distribution in the core shroud, a CFD model of the core bypass has been developed using the commercial code CFX 5. The model consists of the core bypass, from the lower core support plate up to the core grid, and the upper plenum, limited from above by the core shroud cover including the steam separator inlets.
The bypass flow enters the computational domain at the level of the core support plate. The two-phase core flow enters the computational domain at the level of the core grid where it entrains and merges with the bypass flow. Both flows have been estimated through the POLCA code.
The conjugate heat transfer at the core shroud inner wall comprises the gamma heating from the core, considered as volume distributed heat sources, and subcooled boiling of the bypass flow. The effect of subcooled boiling has been taken care of by using the model by Kurul and Podowski.
Using a conservative gamma heat source distribution, leads to local temperatures slightly higher than the design temperature, with a maximum thickness-mean temperature that exceeds the temperature limit by approximately 4 °C. If a higher temperature limit is accepted, the ASME regulations are not fulfilled, but the consequence is a minor change in the design stress intensity value S m according to ASME.
Using a somewhat realistic gamma heat source distribution, the results show that the maximum thickness-mean temperature is well below the design temperature.
INTRODUCTION
The design temperature of the core shroud of a BWR is a temperature limit based on the regulations collected in ASME (2004) . The application of these regulations to the stainless steel material of the core shroud of Forsmark's Unit 3 prescribes a Design Temperature that should be established in accordance with NCA-2142.1(b), i. e. "which should not be less than the expected maximum mean metal temperature through the thickness of the part considered for which Level A Service Limits are specified". The value of 300 °C for the Design Temperature is given by the FSAR (2004) and the Design Mechanical Loads Specification, KFM 212 (2004) of System 212.
A power uprate for Unit 3 from 109 % to 125 % is planned to be implemented during the 2010 refuelling outage. This uprate implies an increase in core power density and a corresponding increase in the gamma heating of the core shroud which could lead to higher temperatures there, in spite of the fact that the core flow, and consequently the bypass flow, is also increased.
To estimate the temperature distribution in the core shroud under these new conditions originated by the power uprate, a CFD model of the core bypass has been developed by means of the commercial code CFX 5 (ANSYS, 2004) . The model includes the single-phase bypass flow entering the computational domain at the level of the core support plate and the two-phase core flow issuing from the fuel assemblies at the level of the core grid where it entrains and merges with the bypass flow. Both flows have been estimated by means of the POLCA code.
The conjugate heat transfer at the core shroud inner wall comprises the effect of gamma heating from the core and that of subcooled boiling of the bypass flow. The gamma heating by the core has been included through volume distributed heat sources computed by means of Monte Carlo simulations carried out at Risø National Laboratory, Denmark (Højerup and Nonbøl, 2002 , 2006a , 2006b ). The effect of subcooled boiling has been taken care of by using the model described by Krepper and Egorov (2005) and Wintterle et al. (2005) , which is based on the concepts used by Kurul and Podowski (1991) .
Two cases have been considered concerning gamma heating, namely a very conservative one where the two most power loaded fuel assemblies are situated closest to core shroud wall, and one where the same fuel assemblies have an average power distribution (see Figure 9 ). Using the conservative gamma heat source distribution, leads to local temperatures slightly higher than the design temperature, with a maximum thickness-mean temperature that exceeds the temperature limit by approximately 4 °C. If a higher temperature limit is accepted, the ASME regulations are not fulfilled, but the consequence is a minor change in the design stress intensity value S m according to ASME. The reduction in S m is approximately 2 % if the limit temperature is increased from 300 °C to 325 °C.
Using the more realistic gamma heat source distribution, the results show that the maximum thickness-mean temperature is well below design temperature.
CORE BYPASS MODEL
In this chapter, the geometry, grid and properties of the computational model of the core bypass will be described. The physical limits of the model are shown in Figure 1 below by the continuous red lines. This means that the model includes the core bypass, from the lower core support plate up to the core grid, together with the upper plenum, limited from above by the core shroud cover including the steam separator inlets. Only the outer surfaces of the core channels are included in the model. Also indicated in this figure by broken red lines is the level of the actual core bypass flow inlets to the control rod guide tubes, approximately three meters below the core support plate. By assuming an even distribution of the flow at these inlets, the need of modelling the flow inside this lower part of the guide tubes has been obviated. 
Geometry
A CAD model of the complete reactor vessel has been developed for Forsmark 3 using the INVENTOR code (AUTODESK, 2001) . Figure 2 shows a 180° sector of the reactor vessel including the first and second quadrants of the core. Based on this detailed CAD model, a geometry model suitable for generating a computational grid in CFX has been developed for Copyright © 2007 by JSMEthe first quadrant of the reactor vessel and is outlined in Figure 3 .
Figure 2.
CAD view including the quadrant corresponding to the CFD model.
To reduce the computational effort, the CFD model comprises only one quadrant of the reactor vessel namely the first quadrant, from 0° to 90°, as is shown in Figure 3 below. Even with one modeled quadrant, some problems with parallel computing, described in section 2.8, were encountered and the computational model was divided into two sub-models. Outline of CFD geometry in CFX.
The first sub-model comprises the complete geometrical model with neglected subcooled boiling at the core shroud inner wall. This part has been run with the latest version, 10.0, of the CFX code since it does not need the subcooled boiling model that is available only in version 5.7.1 of CFX. The second sub-model corresponds to a region cut from the first part that constitutes the outer bypass, i. e. the bypass region outside the core channels and limited by the core shroud inner wall. Figure 4 shows a view of this second part of the CFD model. The vertical cutting surface consists of a broken plane surface following the outline of and coinciding with the outer wall of the outermost core channels. All flow conditions at this surface are given by the first sub-model implying that the flow distribution between outer and inner bypass is determined by the computations using this sub-model, i. e. neglecting subcooled boiling effects at the core shroud inner wall. A horizontal plane surface limits this second sub-model at the level of the lower end of the core channels and another at the upper end of the core channels. This height coincides with the vertical distribution of the gamma heat sources, implying that a conservative assumption of negligible vertical heat conduction outside this region for the core shroud.
Figure 4.
Outline of the second CFD sub-model.
In order to estimate the temperature distribution within the core shroud wall, this second sub-model has been run using the boundary conditions given by the first sub-model and the subcooled boiling model described by Krepper and Egorov (2005) which is implemented in version 5.7.1 of CFX.
Grid Details
The computational grid of the first sub-model is constituted by a total of 7,197,537 nodes corresponding to 20,576,942 elements of which 14,443,116 are tetrahedral, 5,368,126 are prismatic and 765,700 are hexahedral. The computational grid of the second sub-model is constituted by a total of 1,773,696 nodes corresponding to 2,579,345 elements of which 1,813,645 are prismatic and 765,700 are hexahedral.
Prismatic elements have been used mainly in the narrow computational region between core channels that would otherwise require very deformed and/or very small elements of other geometry.
Boundary Conditions for First Sub-Model
The first sub-model contains two inlet boundaries and one outlet boundary. The lowest inlet boundary is Copyright © 2007 by JSMElocated at the level of the core support plate and corresponds to the upper end of the control rod guide tubes with withdrawn rods included (see Figure 5 ). It is of some interest to point out that the assumption of withdrawn control rods is conservative since the pressure drop at the inner bypass decreases, increasing by that the flow there. The condition at this boundary is a mass flowrate of 398.5 kg/s of water with a temperature of 272.85 °C (546.0 K) and a normal velocity of 1.0175 m/s. This flowrate corresponds to a fourth of the total bypass flowrate of 1594.5 kg/s predicted by the POLCA code (ABB Atom AB, 1994). The other inlet boundary is located at the core grid and corresponds to a level directly above the upper end of the fuel rods. Figure 6 shows the corresponding section with all core channels where the white dots correspond to a cut through a central part of the fuel handle.
The condition at this boundary is a total water mass flowrate of 2134.25 kg/s and a total steam mass flowrate of 517.25 kg/s with a saturation temperature of 285.79 °C (558.94 K). The sum of these flowrates with the bypass flowrate corresponds to a fourth of the total main recirculation flowrate of 12200 kg/s used in the predictions of the POLCA code. The distribution of water and steam from each channel is that given by the same code. This sub-model contains an outlet boundary constituted by all the upper ends of the inlet pipes of the steam separators (see Figure 7) . This boundary is associated with a concentrated porous region directly upstream of it containing a pressure drop fitting that of the steam separators, i. e. the region above the exit of the steam separators is assumed to have constant pressure. The pressure loss coefficient is defined as = 2.5, where ρ is the mixture density and U normal is the mixture velocity normal to the outlet boundary. 
View of outlet boundary (in blue) corresponding to the upper end of the steam separator inlet pipes.
The two vertical cut planes that limit the reactor vessel quadrant are considered as symmetry planes, i. e. planes without friction and with no flow transport through them.
Approximately 1.64 % of the total thermal power of the core, i. e. 3,813 MW t , is absorbed by the bypass flow through the inner bypass, corresponding to 62.53 MW t for the complete inner bypass and to 15.63 MW t for the modelled quadrant. This power transfer is Copyright © 2007 by JSMEalmost totally due to radiation absorption, possibly leading to a subcooled boiling of the inner bypass flow in the upper part of this bypass. In the present case, the absorbed power by the inner bypass flow is assumed to be evenly distributed within the total volume of the inner bypass. By this assumption, the subcooled boiling and its effect on the flow have consequently been neglected in the present model.
Finally, the boundary conditions at the core shroud are a constant heat transfer coefficient equal to 7 [kW/m 2 K] and temperature of 272.85 °C (546.0 K) at the outer wall, conjugated heat transfer without subcooled boiling at the inner wall and volume heat sources within the material of the core shroud distributed according to the values given in section 2.5.
Boundary Conditions for Second Sub-Model
At the vertical cutting surface and at the lower horizontal cutting surface, the boundary conditions for all variables are given from the corresponding surfaces of the first sub-model. At the upper horizontal surface, only the pressure and velocity field of the water phase are given from the corresponding surfaces of the first sub-model.
Finally, the boundary conditions at the core shroud are a constant heat transfer coefficient equal to 7 [kW/m 2 K] and temperature of 272.85 °C (546.0 K) at the outer wall, conjugated heat transfer with subcooled boiling at the inner wall according to the model explained in section 2.6 and volume heat sources within the material of the core shroud distributed according to the values given in section 2.5.
Gamma Heat Sources
The core shroud is heated primarily through convection by the main recirculation flow and bypass flow, through conduction from surrounding structures and by absorbed gamma radiation from the core.
The gamma heating of the core shroud consists of three components, namely 20 % from prompt gamma radiation from fission, 60 % from prompt gamma radiation from neutron capture and 20 % from delayed gamma radiation from fission products (Højerup and Nonbøl, 2002) .
Through Monte Carlo simulations of neutron and gamma fluxes from the core completed with a special analysis of gamma photons from fission products, the power generation within the material of the core shroud may be estimated as a volume distribution of internal heat sources Nonbøl, 2006a, 2006b) .
Two cases have been considered concerning gamma heating. The first case is very conservative since the two most power loaded fuel assemblies, showed in red in Figure 9 , are situated closest to the core shroud wall. The power distribution in [W/cm 3 ] at five different levels, where Level 1 is the bottom level and Level 5 the top level, and along five different material rings of the core shroud, where Ring 1 is the innermost and Ring 5 the outermost, is given in Table  1 below. The second case is more realistic since the aforementioned fuel assemblies have instead an average power distribution. The power distribution in [W/cm 3 ] at five different levels and along five different material rings of the core shroud is given in Table 2 below. The values given in the tables above do not include either the azimuthal dependence of the position of the fuel assemblies or the azimuthally dependent deviation from cylindrical shape of the core shroud. These dents, shown schematically in Figure 9 , have been designed for leaving the necessary space in the downcomer to take down and lift up the main recirculation pumps in case of maintenance. These azimuthal dependences are Copyright © 2007 by JSMEincorporated in the power distribution by using the form factor depicted in Figure 8 .
Figure 9. Forsmark 3 core geometry for form factor calculations showing the two most power loaded fuel assemblies in red (2 and 3).

Subcooled Boiling Model
Subcooled boiling occurs not only inside the core channels but might also occur at the core shroud inner wall and possibly within the upper part of inner bypass region, i. e. between channel boxes. This possible boiling in the inner bypass is almost totally due to radiation absorption and is not mainly wall induced as in the case of the core shroud.
The effect of subcooled boiling at the inner wall of the core shroud has been taken care of by using the model implemented in version 5.7.1 of the CFX code described by Krepper and Egorov (2005) and Wintterle et al. (2005) . The model is based on the concepts used by Kurul and Podowski (1991) for heat flux partitioning.
The wall heat flux, , is split into a convective heat flux, , that heats up the liquid and an evaporative heat flux, , that generates saturated vapour only without vapour superheating. During the vapour bubble contact time with the wall, all excessive heat flux is immediately absorbed by the surrounding subcooled water.
A fraction, , of the wall surface is influenced by the bubble formation and through it heat is exchanged with both phases. On the rest, , convective heat transfer to the water takes place. This convective heat transfer is given as The evaporation heat flux, , is modelled as
is the evaporation mass transfer rate per unit wall area, the saturated vapour enthalpy and the liquid enthalpy. According to Kurul and Podowski (2001) , the bubble influence region has a diameter twice the bubble departure diameter, , which gives , where is the nucleation site density per unit wall area. The evaporation mass flux m may be quantified through the following relation 
Other Models and General Conditions
In both sub-models, the water density is assumed to be temperature dependent and equal to the density of water at a constant pressure of 70 [bar] given by Schmidt and Grigull (1989) . The temperature dependence of water density implies that the effect of buoyancy is included in the models.
The turbulence model used in the two sub-models is the standard k-ε model, being the model applied to the two-phase mixture in the first sub-model and to the water phase in the second sub-model. The near wall effects are taken care by using scalable turbulent wall functions.
In other respects regarding two-phase modeling, the first sub-model employs the Mixture Model and the second sub-model the Particle Model of the EulerEuler approach implemented in the CFX code (see e. g. Frank, 2005) .
Parallel Computing
The concepts about parallel computing available at CFD Online (2007) have constituted a valuable support in the analysis of the problems encountered when running the first sub-model.
Initially, it was thought that the first sub-model would constitute the complete and only CFD model to be used in this analysis. Therefore, this first sub-model was run in version 5.7.1 of CFX including the subcooled boiling model. The first runs using the maximum number of 20 processors allowed by the license owned by Forsmark experienced problems when broadcasting a PVM-buffert. Consequently, these problems caused run termination, delivering only the "Broken pipe" message without writing any results files.
The error occurred when proceeding from one time step to the next and not during the coefficient loop iterations. The analysis of the error file indicated that the error appeared to be related to the comunication between processors and not to the code execution. Restarting the code led to the same type of error but with a random behaviour of the its occurrence, i. e. it could take place at the first time step or a few time steps later.
A change to using MPI (Message Passing Interface) instead of PVM (Parallel Virtual Machine), which is the recommended API (Applications Programming Interface) for this version of the code, did not improve the situation in a noticeable way.
Testing the sub-model with version 10.0 of CFX, i. e. without the subbcooled boiling model since it is not implemented in this version of the code, resulted in an improvement of the error behaviour. The error frequency decreased and the possibility of saving the results after a certain number of time steps became a feasible strategy, in spite of the time duration of the file writing operation of more than an hour.
This partial success with version 10.0 of CFX motivated the decision of using two sub-models, since a smaller two-dimensional model, tested before in version 5.7.1 of CFX and including the subcooled boiling model, had been run successfully. The smaller second sub-model has been working without disturbances provided that more than four processors are employed. Additional tests, inconclusive due to limited run time of about 8 hours, running the first sub-model in CFX version 5.7.1 with the subcooled boiling model and using 34 processors indicate that the communication errors may be due to unsufficient number of processor leading to communication overloading.
RESULTS
The purpose of the first sub-model is to determine the flow distribution in the inner and outer bypass, for the case of neglected effect of subcooled boiling at the inner wall of the core shroud. It is assumed that this flow distribution in the outer bypass is valid even for the second sub-model where it contributes, together with the subcooled boiling, to the heat transfer from the core shroud. The results to be discussed in the following sections are given for each sub-model separately.
Results of First Sub-Model
According to the present computations, the flowrate entering the outer bypass at level of the lower end of the fuel rods is 115.4 kg/s, i. e. 7.24 % of the total bypass flowrate of 1594.0 kg/s, while 92.76 % of the total flowrate, or 1478.6 kg/s, enters the inner bypass. This flow distribution together with the results reported in this section for the first sub-model have been obtained only with the more conservative distribution of gamma heat sources. The heat transfer from the core shroud has a rather limited effect on the general flow behavior and, therefore, the results are also valid for the more realistic gamma heat source distribution. Figure 10 shows the water temperature field along a vertical plane parallel and close to the radial vertical symmetry plane at 90°. It is possible to observe a heating of the water along the vertical direction up to the level of the core grid. This heating is due to the power absorbed in the inner bypass and to convective heat transfer at the core shroud inner wall. At the level of the core grid, the saturated water coming up from the core enters the upper plenum and mixes with the bypass water. Figure 12 depicts the void distribution along the same vertical plane used in the preceding figures. In this case, no void is present in the bypass and void due to the core flow occurs only above the inlet at the level of the core grid, i. e. throughout the upper plenum and within the steam separator inlets.
Finally, the distribution of vertical velocity component of vapor phase along the same vertical plane used in the preceding figures is shown in Figure 13 . Velocities slightly higher than those of the liquid phase may be observed here, especially within the steam separator inlets where an incipient phase separation occurs due to transition to annular flow. Copyright © 2007 by JSMEdistribution is not perfectly symmetric since physically motivated small non-symmetries occur in the boundary conditions passed on from the first sub-model. Also time dependence introduces non-symmetrical variations of the flow, and consequently of the heat transfer. The high temperature regions coincide in height with the maximum source intensity and azimuthally with the crests of the form factor given by Figure 8 . As expected, the maxima are located in the regions closest to the fuel assemblies, i. e. the dents of the core shroud. Figure 15 shows an instantaneous view of the void distribution over the core shroud inner wall as an unfolded cylindrical surface. This distribution follows the general trends of the temperature distribution, with the locations of steam production coinciding with the high temperature regions. Figure 16 shows the temperature distribution through a horizontal section of the core shroud at the level of the maximum temperature. Figure 17 shows a zoomed view of the same picture with the region of maximum temperature magnified. The absolute maximum of temperature corresponds to a point belonging to the symmetry plane at 90° at the central vertical radial section of the core shroud dent. Figure 18 shows the radial temperature distribution along a line passing through the point of maximum temperature in the core shroud. This maximum temperature is 313.9 °C (587.05 K) and the thicknessmean temperature is 303.9 °C (577.05 K). This temperature exceeds the design temperature by almost 4 °C. Figure 19 shows an instantaneous view of the temperature distribution over the core shroud inner wall as an unfolded cylindrical surface. As in the preceding case, the high temperature regions coincide in height with the maximum source intensity and azimuthally with the crests of the form factor given by Figure 8 . In this case, the maxima are still located in the dents of the core shroud but not exactly at central radial section of them. This change is due to the fact that the heat transfer is now controlled only by convection. No subcooled boiling occurs at the core shroud inner wall and, therefore, no figure of void distribution is shown in this section. The temperature variations at this wall are relatively small, with a total range of approximately 10 °C, and the maximum temperature is below the boiling temperature at 70 [bar], i. e. 285.79 °C (558.94 K), as can be observed from Figure 19 . Figure 20 shows the temperature distribution through a horizontal section of the core shroud at the level of the maximum temperature. Figure 21 shows a zoomed view of the same picture with the region of maximum temperature magnified. The absolute maximum of temperature corresponds to a point belonging to the cylindrical part of the core shroud, at a vertical radial section close to the weld section with its dent. Figure 22 shows the radial temperature distribution along a line passing through the point of maximum temperature in the core shroud. This maximum temperature is 286.9 °C (560.05 K) and the thicknessmean temperature is 283.5 °C (556.65 K). This temperature is well below the design temperature of 300 °C.
Results of Second
CONCLUSIONS AND DISCUSSION
A CFD model of the core bypass, consisting of two sub-models owing to difficulties with parallel computing, has been developed to estimate the temperature distribution in the core shroud due to gamma heating.
The model described here succeeds in combining the complex geometry with well-founded boundary conditions and with suitable physical models, without the need of including a complete model of the core. The three-dimensional results give an understanding of the heat transfer process which has not been possible to achieve in the past with very rough one-dimensional models.
Using a somewhat realistic gamma heat source distribution, the results show that the maximum thickness-mean temperature is well below the design temperature limit.
